Salmonella Typhi and Typhimurium diverged only $50 000 years ago, yet have very different host ranges and pathogenicity. Despite the availability of multiple whole-genome sequences, the genetic differences that have driven these changes in phenotype are only beginning to be understood. In this study, we use transposon-directed insertionsite sequencing to probe differences in gene requirements for competitive growth in rich media between these two closely related serovars. We identify a conserved core of 281 genes that are required for growth in both serovars, 228 of which are essential in Escherichia coli. We are able to identify active prophage elements through the requirement for their repressors. We also find distinct differences in requirements for genes involved in cell surface structure biogenesis and iron utilization. Finally, we demonstrate that transposon-directed insertion-site sequencing is not only applicable to the protein-coding content of the cell but also has sufficient resolution to generate hypotheses regarding the functions of non-coding RNAs (ncRNAs) as well. We are able to assign probable functions to a number of cis-regulatory ncRNA elements, as well as to infer likely differences in trans-acting ncRNA regulatory networks.
INTRODUCTION
Salmonella enterica subspecies enterica serovars Typhi (S. Typhi) and Typhimurium (S. Typhimurium) are important human pathogens with distinctly different lifestyles. S. Typhi is host-restricted to humans and causes typhoid fever. This potentially fatal systemic illness affects at least 21 million people annually, primarily in developing countries (1) (2) (3) and is capable of colonizing the gall bladder creating asymptomatic carriers; such individuals are the primary source of this human restricted infection, exemplified by the case of 'Typhoid Mary' (4) . S. Typhimurium, conversely, is a generalist, infecting a wide range of mammals and birds in addition to being a leading cause of foodborne gastroenteritis in human populations. Control of S. Typhimurium infection in livestock destined for the human food chain is of great economic importance, particularly in swine and cattle (5, 6) . Additionally, S. Typhimurium causes an invasive disease in mice, which has been used extensively as a model for pathogenicity in general and human typhoid fever specifically (7) .
Despite this long history of investigation, the genomic factors that contribute to these differences in lifestyle remain unclear. More than 85% of predicted coding sequences are conserved between the two serovars in sequenced genomes of multiple strains (8) (9) (10) (11) . The horizontal acquisition of both plasmids and pathogenicity islands during the evolution of the salmonellae is believed to have impacted upon their disease potential. A 100 kb plasmid, encoding the spv (Salmonella plasmid virulence) genes, is found in some S. Typhimurium strains and contributes significantly towards systemic infection in animal models (12, 13) . S. Typhi is known to have harboured IncHI1 plasmids conferring antibiotic resistance since the 1970's (14) , and there is evidence that these strains present a higher bacterial load in the blood during human infection (15) . Similar plasmids have been isolated from S. Typhimurium (16) (17) (18) . Salmonella pathogenicity islands (SPI)-1 and -2 are common to both serovars and are required for invasion of epithelial cells [reviewed in (19) ] and survival inside macrophages respectively (20, 21) . S. Typhi additionally incorporates SPI-7 and SPI-10, which contain the Vi surface antigen and a number of other putative virulence factors (22) (23) (24) .
Acquisition of virulence determinants is not the sole explanation for the differing disease phenotypes displayed in humans by S. Typhimurium and S. Typhi; genome degradation is an important feature of the S. Typhi genome, in common with other host-restricted serovars such as S. Paratyphi A (humans) and S. Gallinarum (chickens). In each of these serovars, pseudogenes account for 4-7% of the genome (9, (25) (26) (27) . Loss of function has occurred in a number of S. Typhi genes that have been shown to encode intestinal colonization and persistence determinants in S. Typhimurium (28) . Numerous sugar transport and degradation pathways have also been interrupted (9) but remain intact in S. Typhimurium, potentially underlying the restricted host niche occupied by S. Typhi.
In addition to its history as a model organism for pathogenicity, S. Typhimurium has recently served as a model organism for the elucidation of non-coding RNA (ncRNA) function (29) . These include cis-acting switches, such as RNA-based temperature and magnesium ion sensors (30, 31) , together with a host of predicted metabolite-sensing riboswitches. Additionally, a large number of trans-acting small RNAs (sRNAs) have been identified within the S. Typhimurium genome (32) , some with known roles in virulence (33) . These sRNAs generally control a regulon of mRNA transcripts through an antisense binding mechanism mediated by the protein Hfq in response to stress. The functions of these molecules have generally been explored in either S. Typhimurium or Escherichia coli, and it is unknown how stable these functions and regulons are over evolutionary time (34) .
Transposon mutagenesis has previously been used to assess the requirement of particular genes for cellular viability. The advent of next-generation sequencing has allowed simultaneous identification of all transposon insertion sites within libraries of up to 1 million independent mutants (35) (36) (37) (38) , enabling us to answer the basic question of which genes are required for in vitro growth with extremely fine resolution. By using transposon mutant libraries of this density, which in S. Typhi represents on average >80 unique insertions per gene (35) , shorter regions of the genome can be interrogated, including ncRNAs (38) . In addition, once these libraries exist, they can be screened through various selective conditions to further reveal which functions are required for growth/ survival.
Using Illumina-based transposon-directed insertion-site sequencing [TraDIS (35) ] with large mutant libraries of both S. Typhimurium and S. Typhi, we investigated whether these Salmonellae require the same protein-coding and ncRNA gene sets for competitive growth under laboratory conditions, and whether there are differences that reflect intrinsic differences in the pathogenic niches these bacteria inhabit.
MATERIALS AND METHODS

Strains
S. Typhimurium strain SL3261 was used to generate the large transposon mutant library, and contains a deletion relative to the parent strain SL1344. The 2166 bp deletion ranges from 153 bp within aroA (normally 1284 bp) to the last 42 bp of cmk, forming two pseudogenes and deleting the intervening gene SL0916 completely. For comparison, we used our previously generated S. Typhi Ty2 transposon library (35) .
Annotation
For S. Typhimurium strain SL3261, we used feature annotations drawn from the SL1344 genome (EMBL-Bank accession FQ312003.1), ignoring the deleted aroA, ycaL and cmk genes. We re-analysed our S. Typhi Ty2 transposon library with features drawn from an updated genome annotation (EMBL-Bank accession AE014613.1). We supplemented the EMBL-Bank annotations with ncRNA annotations drawn from (32) . Selected protein-coding gene annotations were supplemented using the HMMER webserver (43) and Pfam (44) .
Creation of S. Typhimurium transposon mutant library
S. Typhimurium was mutagenized using a Tn5-derived transposon as described previously (35) . Briefly, the transposon was combined with the EZ-Tn5 transposase (Epicenter, Madison, USA) and electroporated into S. Typhimurium. Transformants were selected by plating on LB agar containing 15 mg/ml kanamycin and harvested directly from the plates following overnight incubation. A typical electroporation experiment generated a batch of between 50 000 and 150 000 individual mutants. Ten batches were pooled together to create a mutant library comprising $930 000 transposon mutants.
DNA manipulations and sequencing
Genomic DNA was extracted from the library pool samples using tip-100 g columns and the genomic DNA buffer set from Qiagen (Crawley, UK). DNA was prepared for nucleotide sequencing as described previously (35) . Before sequencing, a 22-cycle PCR was performed as previously described (35) . Sequencing took place on a single end Illumina flowcell using an Illumina GAII sequencer, for 36 cycles of sequencing, using a custom sequencing primer and 2Â Hybridization Buffer (35) . The custom primer was designed such that the first 10 bp of each read was transposon sequence.
Sequence analysis
The Illumina FASTQ sequence files were parsed for 100% identity to the 5 0 10 bp of the transposon (TAAGAGACA G). Sequence reads, which matched, were stripped of the transposon tag and subsequently mapped to the S. Typhimurium SL1344 or S. Typhi Ty2 chromosomes using Maq version maq-0.6.8 (45) . Approximately 12 million sequence reads were generated from the sequencing run, which used two lanes on the Illumina flowcell. Precise insertion sites were determined using the output from the Maq mapview command, which gives the first nucleotide position to which each read mapped. The number and frequency of insertions mapping to each nucleotide in the appropriate genome was then determined.
Statistical analysis of required genes
The number of insertion sites for any gene is dependent on its length; therefore, the values were made comparable by dividing the number of insertion sites by the gene length, giving an 'insertion index' for each gene. As before (35) , the distribution of insertion indices was bimodal, corresponding to the required (mode at 0) and non-required models. We fitted gamma distributions for the two modes using the R MASS library (http://www.r-project. org). Log 2 -likelihood ratios (LLR) were calculated between the required and non-required models, and we called a gene required if it had an LLR of less than À2, indicating it was at least four times more likely according to the required model than the non-required model. 'Non-required' genes were assigned for an LLR of >2. Genes falling between the two thresholds were considered 'ambiguous' for the purpose of this analysis. This procedure lead to genes being called as required in S. Typhimurium when their insertion index was <0.020 and ambiguous between 0.020 and 0.027. The equivalent cut-offs for the S. Typhi library are 0.0147 and 0.0186, respectively.
We calculated a P-value for the observed number of insertion sites per gene using a Poisson approximation with rate R = N/G where N is the number of unique insert sites (549 086) and G is the number of bases in the genome (4 878 012). The P-value for at least X consecutive bases without an insert site is e (-RX) , giving a 5% cut-off at 27 bp and a 1% cut-off at 41 bp.
For every gene g with n g,A reads observed in S. Typhi and n g,B reads observed in S. Typhimurium, we calculated the log 2 fold change ratio S g,A,B = log 2 [(n g,A +100)/ (n g,B +100)]. The correction of 100 reads smoothes out the high scores for genes with very low numbers of observed reads. We fitted a normal model to the mode +/À 2 sample standard deviations of the distribution of S A,B and calculated P-values for each gene according to the fit. We considered genes with a P-value of 0.05 under the normal model to be uniquely required by one serovar.
RESULTS AND DISCUSSION
TraDIS assay of every Salmonella Typhimurium protein-coding gene
Approximately 930 000 mutants of S. Typhimurium were generated using a Tn5-derived transposon. In all, 549 086 unique insertion sites were recovered from the mutant library using short-read sequencing with transposonspecific primers. This is a substantially higher density than the 371 775 insertions recovered from S. Typhi previously (35) . The S. Typhimurium library contains an average of one insertion every 9 bp or >100 unique inserts per gene ( Figure 1 ). The large number of unique insertion sites allowed every gene to be assayed; assuming random insertion across the genome, a region of 41 bp without an insertion was statistically significant (P < 0.01). As previously noted in S. Typhi, the distribution of length-normalized insertions per gene is bimodal (see Supplementary Figure S1 ), with one mode at 0. We interpret genes falling in to the distribution around this mode as being required for competitive growth within a mixed population under laboratory conditions (hereafter 'required'). Of these, 57 contained no insertions whatsoever and were mostly involved in core cellular processes (see Table 1 , Supplementary Data Set).
There was a bias in the frequency of transposon insertion towards the origin of replication. This likely occurred as the bacteria were in exponential growth phase Figure 1 . Genome-wide transposon mutagenesis of S. Typhimurium. Circular plot showing gene content, distribution of required genes and insertion density along the S. Typhimurium chromosome. The outer scale is marked in megabases. Circular tracks range from 1 (outer track) to 6 (inner track). Track 1, all forward-strand genes (colour-coded according to function: dark blue, pathogenicity/adaptation; black, energy metabolism; red, information transfer; dark green, membranes/surface structures; cyan, degradation of macromolecules; purple, degradation of small molecules; yellow, central/intermediary metabolism; light blue, regulators; pink, phage/IS elements; orange, conserved hypothetical; pale green, unknown function; brown, pseudogenes.); track 2, all reverse-strand genes (colour-coded as for forward-strand genes); track 3, S. Typhimurium required genes (red); track 4, 56 genes required by S. Typhimurium, but not by S. Typhi (dark blue, see also Table 1 ); track 5, transposon insertion density; track 6, GC bias [(G À C)/(G+C)]), khaki indicates values >1; purple <1.
immediately before transformation with the transposon. In this phase of growth, multiple replication forks would have been initiated, meaning genes closer to the origin were in greater copy number and hence more likely to be a target for insertion. We also observed a bias for transposon insertions in A+T rich regions, as was previously observed in the construction of an S. Typhi mutant library (35) . However, the insertion density achieved is sufficient to discriminate between required and non-required genes easily. As was first seen in S. Typhi (35), we observed transposon insertions into genes upstream of required genes in the same operon, suggesting that most insertions do not have polar effects leading to the inactivation of downstream genes.
Analysis of the S. Typhimurium mutant library allowed us to identify 353 coding sequences required for growth under laboratory conditions, and 4112 non-required coding sequences (see Supplementary Data Set). We were unable to assign 65 genes to either the required or non-required category. Sixty of these genes, which we will refer to as 'ambiguous', had LLRs between À2 and 2. The final five unassigned genes had lengths <60 bases, and they were removed from the analysis. All other genes contained enough insertions or were of sufficient length to generate credible LLR scores. Thus, every gene was assayed, and we were able to draw conclusions for 98.7% of the coding genome in a single sequencing run ( Figure 1 ).
Cross-species comparison of genes required for growth
Gene essentiality has previously been assayed in Salmonella using insertion-duplication mutagenesis (46) . Knuth et al. estimated 490 genes are essential to growth in clonal populations, though 36 of these have subsequently been successfully deleted (47) . Although TraDIS assays gene requirements after a brief period of competitive growth on rich media, we identify a smaller required set than Knuth et al. of $350 genes in each serovar, closer to current estimates of $300 essential genes in E. coli (48) .
To demonstrate that TraDIS does identify genes known to have strong effects on growth, as well as to test our predictive power for determining gene essentiality, we compared our required gene sets in S. Typhimurium and S. Typhi to essential genes determined by systematic single-gene knockouts in the E. coli K-12 Keio collection (48) . We identified orthologous genes in the three data sets by best reciprocal FASTA hits exhibiting >30% sequence identity for the amino acid sequences. Required orthologous genes identified in this manner share a significantly higher average percentage sequence identity with their E. coli counterparts than expected for a random set of orthologues, at $94% identity as compared with $87% for all orthologous genes. In 100 000 randomly chosen gene sets of the same size as our required set, we did not find a single set where the average shared identity exceeded 90%, indicating that required genes identified by TraDIS are more highly conserved at the nucleotide level than other orthologous protein-coding sequences.
Baba et al. (48) have defined an essentiality score for each gene in E. coli based on evidence from four experimental techniques for determining gene essentiality: targeted knockouts using -red mediated homologous recombination (48), genetic footprinting (49, 50) , large-scale chromosomal deletions (51) and transposon mutagenesis (52) . Scores range from À4 to 3, with negative scores indicating evidence for non-essentiality and positive scores indicating evidence for essentiality. Comparing the overlap between essential gene sets in E. coli, S. Typhi and S. Typhimurium, we find a set of 228 E. coli genes, which have a Keio essentiality score of at least 0.5 (i.e. there is evidence for gene essentiality; see Figure 2 ) that have TraDIS-predicted required orthologues in both S. Typhi and S. Typhimurium, constituting $85% of E. coli genes with evidence for essentiality indicating that gene requirements are largely conserved between these genera. Including orthologous genes that are only predicted to be essential by TraDIS in S. Typhi or S. Typhimurium raises this figure to nearly 93%. The majority of shared required genes between all three bacteria are responsible for fundamental cell processes, including cell division, transcription and translation. A number of key metabolic pathways are also represented, such as fatty acid and peptidoglycan biosynthesis ( Table 1) . A recent study in the alphaproteobacteria Caulobacter crescentus reported 210 shared essential genes with E. coli, despite C. crescentus sharing less than a third as many orthologous genes with E. coli as Salmonella serovars (38) . This suggests the existence of a shared core of $200 essential proteobacterial genes, with the comparatively rapid turnover of 150-250 'non-core' lineage-specific essential genes. If we make the simplistic assumption that gene essentiality should be conserved between E. coli and Salmonella, we can use the overlap of our predictions with the Keio essential genes to provide an estimate of our TraDIS libraries' accuracy for predicting that a gene will be required in a clonal population. Of the 2632 orthologous E. coli genes, which have a Keio essentiality score of less than À0.5 (i.e. there is evidence for gene non-essentiality), only 33 are predicted to be required by TraDIS in both Salmonella serovars. S. Typhi contains the largest number of genes predicted by TraDIS to be required with E. coli orthologues with negative Keio essentiality scores. However, even if we assume these are all incorrect predictions of gene essentiality, this still gives a gene-wise false positive rate (FPR) of $2.7% (81 of 2981 orthologues) and a positive predictive value (PPV) of $75% (247 with essentiality scores !0.5 of 328 predictions with some Keio essentiality score). Under these same criteria, the S. Typhimurium data set has a lower gene-wise FPR of $1.6% (51 of 3122 orthologues) and a higher PPV of $82% (234 of 285 predictions as before), as we would expect given the library's higher insertion density. In reality, these FPRs and PPVs are only estimates; genes that are not essential in E. coli may become essential in the different genomic context of Salmonella serovars and vice versa, particularly in the case of S. Typhi where wide-spread pseudogene formation has eliminated potentially redundant pathways (26, 27) . Additionally, TraDIS will naturally over-predict essentiality in comparison with targeted knockouts, as our library creation protocol necessarily contains a short period of competitive growth between mutants during the recovery from electrotransformation and selection. As a consequence, genes that cause major growth defects, but not necessarily a complete lack of viability in clonal populations, may be reported as 'required'.
Serovar-specific genes required for growth
Many of the required genes present in only one serovar encoded phage repressors, for instance the cI proteins of Fels-2/SopE and ST35 (see Supplementary Tables S2 and  S3 ). Repressors maintain the lysogenic state of prophage, preventing transcription of early lytic genes (53) . Transposon insertions into these genes will relieve this repression and trigger the lytic cycle, resulting in cell death, and consequently mutants are not represented in the sequenced library. This again broadens the definition of 'required' genes; such repressors may not be required for cellular viability in the traditional sense, but once present in these particular genomes, their maintenance is required for continued viability as long as the rest of the phage remains intact.
Serovars Typhimurium and Typhi both contain eight apparent large phage-derived genomic regions (54, 55) . We were able to identify required repressors in all the intact lambdoid, P2-like and P22-like prophage in both genomes, including Gifsy-1, Gifsy-2 and Fels-2/SopE (see Supplementary Tables S2 and S3 ). With the exception of the SLP203 P22-like prophage in S. Typhimurium, all of these repressors lack the peptidase domain of the classical lambda repressor gene cI. This implies that the default anti-repression mechanism of Salmonella prophage may be more similar to a trans-acting mechanism recently discovered in Gifsy phage (56) than to the phage lambda repressor's RecA-induced self-cleavage mechanism. We are also able to confirm that most phage remnants and fusions contained no active repressors, with the exception of the SLP281 degenerate P2-like prophage in S. Typhimurium. This degenerate prophage contains both intact replication and integration genes, but appears to lack tail and head proteins, suggesting it may depend on another phage for production of viral particles. Both genomes also encode P4-like satellite prophage, which rely on 'helper' phage for lytic functions and use a complex antisense-RNA based regulation mechanism for decision pathways regarding cell fate (57) using structural homologs of the IsrK (58) and C4 ncRNAs (59), known as seqA and CI RNA in the P4 literature, respectively. Although the mechanism of P4 lysogenic maintenance is not known, the IsrK-like ncRNAs of two potentially active P4-like prophage in S. Typhi are required under TraDIS. This sequence element has previously been shown to be essential for the establishment of the P4 lysogenic state (60), and we predict based on our observations that it may be necessary for lysogenic maintenance as well. The fact that some lambdoid prophage in S. Typhimurium encode non-coding genes structurally similar to the IsrK-C4 immunity system of P4 raises the possibility that these systems may be acting as a defense mechanism of sorts, protecting the prophage from predatory satellite phage capable of co-opting its lytic genes.
In addition to repressors, 4 prophage cargo genes in S. Typhimurium and one in S. Typhi are required (See Tables 2 and 3; Supplementary Tables S2 and S3 ). The S. Typhimurium prophage cargo genes encode a PhoPQregulated protein, a protein predicted to be involved in natural transformation, an endodeoxyribonuclease and a hypothetical protein. The S. Typhi prophage cargo gene encodes a protein containing the DNA-binding HIRAN domain (62) believed to be involved in the repair of damaged DNA. These warrant further investigation, as they are genes that have been recently acquired and become necessary for survival in rich media.
To compare differences between requirements for orthologous genes in both serovars, we calculated log-fold read ratios to eliminate genes, which were classified differently in S. Typhi and S. Typhimurium but did not have significantly different read densities (see 'Materials and Methods' section.) Even after this correction, 36 S. Typhimurium genes had a significantly lower frequency of transposon insertion compared with the equivalent genes in S. Typhi (P < 0.05), including four encoding hypothetical proteins ( Table 2 ). This indicates that these gene products play a vital role in S. Typhimurium, but not in S. Typhi when grown under laboratory conditions. A major difference between the two serovars is in the requirement for genes involved in cell wall biosynthesis (see Figure 3 ). A set of four genes (SL0702, SL0703, SL0706 and SL0707) in an operonic structure putatively involved in cell wall biogenesis is required in S. Typhimurium, but not in S. Typhi. The protein encoded by SL0706 is a pseudogene in S. Typhi (Ty2 unique ID: t2152) owing to a 1 bp deletion at codon 62 that causes a frameshift (Figure 4a ). This operon contains an additional two pseudogenes in S. Typhi (t2154 and t2150), as well as a single different pseudogene (SL0700) in S. Typhimurium, indicating that this difference in gene requirements reflects the evolutionary adaptation of these serovars to their respective niches. Similarly, four genes (rfbV, rfbX, rfbJ and rfbF) within an O-antigen biosynthetic operon are required by S. Typhimurium, but not S. Typhi. There appears to have been a shuffling of O-antigen biosynthetic genes since the divergence between the two serovars, and rfbJ, encoding a CDP-abequose synthase, has been lost from S. Typhi altogether. These broader requirements for cell wall-associated biosynthetic and transporter genes suggest that surface structure biogenesis is of greater importance in S. Typhimurium.
We also identified seven genes from the shared pathogenicity island SPI-2 that appear to contain few or no transposon insertions only in S. Typhimurium under laboratory conditions. These genes (spiC, sseA and ssaHIJT) are thought to encode components of the SPI-2 type III secretion system apparatus (T3SS) (63) . In addition, the effector genes sseJ and sifB, whose products are secreted through the SPI-2-encoded T3SS (64, 65) , also fell into the 'required' category in S. Typhimurium alone. All of these genes display high A+T nucleotide sequence and have been previously shown (in S. Typhimurium) to be strongly bound by the nucleoid-associated protein H-NS, encoded by hns (61, 66) . Therefore, rather than being 'required', it is instead possible that access for the transposon was sufficiently restricted that very few insertions occurred at these sites. In further support of this hypothesis, a comparison of the binding pattern of H-NS detected in studies using S. Typhimurium LT2 with the TraDIS results from the SPI-2 locus indicated that high regions of H-NS enrichment correlated well with both the ssa genes described here and with sseJ (61,66) (see Supplementary Figure S1 ). An earlier study also suggests that high-density DNA-binding proteins can block Mu, Tn5 and Tn10 insertion (67); however, a genome-wide study of the effects of H-NS binding on transposition would be necessary to confirm this effect.
Indeed, the generation of null S. Typhimurium mutants in sseJ and sifB, as well as many others generated at the SPI-2 locus suggest that these genes are not truly a requirement for growth in this serovar (65, (68) (69) (70) . Although this is a reminder that the interpretation of gene requirement needs to be made with care, the effect of H-NS on transposon insertion is not genome-wide. If this were the case, there would be an under-representation of transposon mutants in high A+T regions (known for H-NS binding), which is not what we observed. In total, only 21 required genes fall into the 'hns-repressed' category described in Navarre et al. (61) (see Table 2 ; Supplementary Table S1 ); the remainder (almost 400) contained sufficient transposon insertions to conclude they were non-required. In addition, all SPI-1 genes that encode another T3SS and are of high A+T content were also found to be non-required. This phenomenon was not observed in S. Typhi, possibly because the strain used harbours the pHCM1 plasmid, which encodes the H-NS-like protein sfh and has been shown to affect H-NS binding (71, 72) . Twenty-two S. Typhi genes had a significantly lower frequency of transposon insertion compared with orthologues in S. Typhimurium (P < 0.05), indicating that they are required only in S. Typhi for growth under laboratory conditions (Table 3) , including the fepBDGC operon. This indicates a requirement for ferric [Fe(III)] rather than ferrous [Fe(II)] iron. This can be explained by the presence of Fe(III) in the bloodstream, where S. Typhi can be found during typhoid fever (15) . These genes function to recover the ferric chelator enterobactin from the periplasm, acting with a number of proteins known to aid the passage of this siderophore through the outer membrane (73) . It has long been noted that aroA mutants of S. Typhi, deficient in their ability to synthesize enterobactin, exhibit severe growth defects on complex media, whereas similar mutants of S. Typhimurium grow normally under the same conditions (74), though the mechanism has not been clear. Our results suggest that this difference in growth of aroA mutants is caused by a requirement for iron uptake through the fep system in S. Typhi. During host adaptation, S. Typhi has accumulated pseudogenes in many iron transport and response systems (27) , presumably because they are not necessary for survival in the niche S. Typhi occupies in the human host, which may have led to this dependence on fep genes. In contrast, S. Typhimurium generally causes intestinal rather than systemic infection and is able to use a wider range of iron sources, including Fe(II), a soluble form of iron present under anaerobic conditions such as those found in the intestine (75) .
TraDIS provides resolution sufficient to evaluate ncRNA contributions to fitness
Under a Poisson approximation to the transposon insertion process, a region of 41 (in S. Typhimurium) or 60 The assignment of recA as a required gene has been described previously (35) , but briefly is believed to be due to the presence of the priC pseudogene in Typhi.
bases (in S. Typhi) has only a 1% probability of not containing an insertion by chance. NcRNAs tend to be considerably shorter than their protein-coding counterparts, but this gives us sufficient resolution to assay most of the non-coding complement of the Salmonella genome. As a proof of principle, we performed an analysis of the best-understood class of small ncRNAs, the tRNAs. Francis Crick hypothesized that a single tRNA could recognize more than one codon through wobble recognition (76) , where a non-canonical G-U base pair is formed between the first (wobble) position of the anticodon and the third nucleotide in the codon. As a result, some codons are covered by multiple tRNAs, whereas others are covered non-redundantly by a single tRNA. We expect that singleton wobble-capable tRNAs, i.e. wobble tRNAs which recognize a codon uniquely, will be required. In addition, we inferred the requirement for other tRNAs through the non-redundant coverage of their codons and used this to benchmark our ability to use TraDIS to reliably interrogate short genomic intervals. The S. Typhi and S. Typhimurium genomes encode 78 and 85 (plus one pseudogene) tRNAs, respectively, with 40 anticodons, as identified by tRNAscan-SE (77) . In S. Typhi, 10 of 11 singleton wobble tRNAs are predicted to be required or ambiguous, compared with 16 tRNAs below the ambiguous LLR cut-off overall (significant enrichment at the 0.05 level, two-tailed Fisher's exact test P-value: 6.4e-08). Similarly in S. Typhimurium, 9 of 11 singleton wobble tRNAs are required or ambiguous compared with 15 required or ambiguous tRNAs overall, again showing a significant enrichment of required tRNAs in this subset (Fisher's exact test P-value: 5.2e-07). The one singleton wobble tRNA, which is consistently not required in both serovars is the tRNA-Pro(GGG), which occurs within a four-member codon family. It has previously been shown in S. Typhimurium that tRNA-Pro(UGG) can read all four proline codons in vivo owing to a cmo 5 U34 modification to the anticodon, obviating the need for a functional tRNA-Pro(GGG) (78) and making this tRNA non-required. The other non-required singleton wobble tRNA in S. Typhimurium, tRNA-Leu(GAG), is similarly a member of a four-member codon family. We predict tRNA-Leu(TAG) may also be capable of recognizing all four leucine codons in this serovar; such a leucine 'four-way wobble' has been previously inferred in at least one other bacterial species (79, 80) .
Of the six required non-wobble tRNAs in each serovar, four are shared. These include two non-wobble singleton tRNAs covering codons uniquely, as well as a tRNA with the ATG anticodon, which is post-transcriptionally modified by the required protein mesJ/tilS to recognize the isoleucine codon ATA (80) . An additional two required tRNAs in both serovars, one shared and one with a differing anticodon, contain Gln anticodons and are part of a polycistronic tRNA operon containing other required tRNAs. This operon is conserved in E. coli with the exception of an additional tRNA-Gln at the 3 0 end that has been lost in the Salmonella lineage. It is possible that transposon insertions early in the operon may interfere with processing of the polycistronic transcript in to mature tRNAs. Finally, we do not observe insertions in a tRNA-Met and a tRNA-Val in S. Typhi and S. Typhimurium, respectively.
Using this analysis of the tRNAs, we estimate a worst-case PPV for these short molecules ($76 bases) at 81%, in line with our previous estimates for conserved protein-coding genes, and a FPR of <4%, higher than for protein-coding genes but still well within the typical tolerance of high-throughput experiments. This assumes that the 'required' operonic tRNA-Glns and the serovar-specific tRNA-Met and tRNA-Val are all false positives; it is not clear that this is in fact the case.
Surveying the shared required ncRNA content of both serovars (see Table 4 ), we find that the RNA components of the signal recognition particle (SRP) and RNaseP, two universally conserved ncRNAs, are required as expected. The SRP is an essential component of the cellular secretion machinery, whereas RnaseP is necessary for the maturation of tRNAs. We also find a number of required known and potential cis-regulatory molecules associated with genes required for growth under laboratory conditions in both serovars. The RFN riboswitch controls ribB, a 3,4-dihydroxy-2-butanone 4-phosphate synthase involved in riboflavin biosynthesis, in response to flavin mononucleotide concentrations (83) . Additionally, we are able to assign putative functions to a number of previously uncharacterized required noncoding transcripts through their 5 0 association with required genes. SroE, a 90 nt molecule discovered in an early sRNA screen (84) , is consistently located at the 5 0 end of the required hisS gene across its phylogenic distribution in the Enterobacteriaceae. Given this consistent association and the function of HisS as a histidyl-tRNA synthetase, we hypothesize that this region may act in a manner similar to a T-box leader, inducing or repressing expression in response to tRNA-His levels. The thrU leader sequence, recently discovered in a deep-sequencing screen of E. coli (42) , appears to regulate a polycistronic operon of required singleton wobble tRNAs. Three additional required cis-regulatory elements, t44, S15 and StyR-8, are associated with required ribosomal proteins, highlighting the central role ncRNA elements play in regulating fundamental cellular processes.
The sRNAs required for competitive growth
Inferring functions for potential trans-acting ncRNA molecules, such as anti-sense binding sRNAs, from requirement patterns alone is more difficult than for cis-acting elements, as we cannot rely on adjacent genes to provide any information. It is also important to keep in mind that TraDIS assays requirements after a brief competition within a large library of mutants on permissive media. This may be particularly important when surveying the bacterial sRNAs, which are known to participate in responses to stress (29) . This is demonstrated by two sRNAs involved in the s Emediated extracytoplamic stress response, RybB and RseX, both of which can be successfully knocked out in S. Typhimurium (101) . In S. Typhi, rpoE is required, as it also is in E. coli (48, 102) . However, in S. Typhimurium, rpoE tolerates a heavy insertion load, implying that s E mutants are not disadvantaged in competitive growth. In S. Typhimurium, the sRNA RseX is required. Overexpression of RseX has previously been shown to compensate for s E essentiality in E. coli by degrading ompA and ompC transcripts (95) . This suggests that RseX may also be short-circuiting the s E stress response network in S. Typhimurium (Figure 4 ). To our knowledge, this is the first evidence of a native (i.e. not experimentally induced) activity of RseX.
S. Typhi on the other hand requires s E along with its activating proteases RseP and DegS and anchoring protein RseA, as well as the s E -dependent sRNA RybB, which also regulates OmpA and OmpC in S. Typhimurium, along with a host of other OMPs (103) . It is unclear why the s E response is required in S. Typhi, but not S. Typhimurium, though it may partially be due to the major differences in the cell wall and outer Known and putative non-coding elements classified as required or ambiguous in this screen. Required ncRNAs have an LLR between required and non-required models of less than À2; see 'Materials and Methods' section. a,b ncRNAs that are amibiguous (LLR between À2 and 2) in S. Typhi( a ) or in S. Typhimurium( b ). Hfq-binding annotations are taken from (90) . The downstream protein-coding genes columns report annotated CDS or ribosomal RNA start sites within 100 bases of each candidate required non-coding element on either strand and whether these downstream sequences are also classified as required.
membrane between the two serovars. In addition, there are significant differences in the OMP content of the S. Typhi and S. Typhimurium membranes that may be driving alternative mechanisms for coping with membrane stress. For instance, S. Typhi completely lacks OmpD, a major component of the S. Typhimurium outer membrane (104) and a known target of RybB (29) . Two additional sRNAs involved in stress response are also required by both S. Typhi and S. Typhimurium. The first, MicA, is known to regulate ompA and the lamB porin-coding gene in S. Typhimurium (105), contributing to the extracytoplasmic stress response. The second, DsrA, has been shown to negatively regulate the nucleoid-forming protein H-NS and enhance translation of the stationary-phase alternative sigma factor s S in E. coli (89) , though its regulation of s S does not appear to be conserved in S. Typhimurium (106) . Both have been previously deleted in S. Typhimurium and thus are not essential. H-NS knockouts have previously been shown to have severe growth defects in S. Typhimurium that can be rescued by compensatory mutations in either the phoPQ two-component system or rpoS, implying that the lack of H-NS is allowing normally silenced detrimental regions to be transcribed (61) . As MicA has recently been shown to negatively regulate phoPQ expression in E. coli (107) , it is tempting to speculate that MicA may be moderating the effects of DsrA-induced H-NS repression; however, it is currently unclear whether sRNA regulons are sufficiently conserved between E. coli and S. enterica to justify this hypothesis.
CONCLUSION
The extremely high resolution of TraDIS has allowed us to assay gene requirements in two very closely related Salmonellae with different host ranges. We found, under laboratory conditions, that 58 genes present in both serovars were required in only one, suggesting that identical gene products do not necessarily have the same phenotypic effects in the two different serovar backgrounds. Many of these genes occur in genomic regions or metabolic systems, which contain pseudogenes and/or have undergone reorganization since the divergence of S. Typhi and S. Typhimurium, demonstrating the complementarity of TraDIS and phylogenetic analysis. These changes may, in part, explain differences observed in the pathogenicity and host specificity of these two serovars. In particular, S. Typhimurium showed a requirement for cell surface structure biosynthesis genes; this may be partially explained by the fact that S. Typhi expresses the Vi-antigen, which masks the cell surface, though these genes are not required for survival in our assay. S. Typhi on the other hand has a requirement for iron uptake through the fep system, which enables ferric enterobactin transport. This dependence on enterobactin suggests that S. Typhi is highly adapted to the iron-scarce environments it encounters during systemic infections. Furthermore, this appears to represent a single point of failure in the S. Typhi iron utilization pathways and may present an attractive target for narrow-spectrum antibiotics.
Of the $4500 protein-coding genes present in each serovar, only $350 were sufficiently depleted in transposon insertions to be classified as required for growth in rich media. This means that >92% of the coding genome has sufficient insertion density to be queried in future assays. Dense transposon mutagenesis libraries have been used to assay gene requirements under conditions relevant for infection, including S. Typhi survival in bile (35) , Mycobacterium tuberculosis catabolism of cholesterol (108), drug resistance in Pseudomonas aeruginosa (109) and Haemophilus influenzae survival in the lung (110) . We expect that parallel experiments querying gene requirements under the same conditions in both serovars examined in this study will yield further insights in to the differences in the infective process between Typhi and Typhimurium and ultimately the pathways that underlie host-adaptation.
Both serovars possess substantial complements of horizontally acquired DNA. We have been able to use TraDIS to assay these recently acquired sequences. In particular, we have been able to identify, on a chromosome wide scale, active prophage through the requirement for their repressors. The P4 phage uses an RNA-based system to make decisions regarding cell fate, and structurally similar systems are used by P1, P7 and N15 phage (111, 112) . C4-like transcripts have been regarded as the primary repressor of lytic functions, though the IsrK-like sequence is known to be essential to the establishment of lysogeny in P4 and is transcribed in at least two phage types (60, 112) . Our observations in S. Typhi suggest an important role for the IsrK-like sequence in maintenance of the lysogenic state in P4-like phage, though the mechanism remains unclear.
Recent advances in high-throughput sequencing have greatly enhanced our ability to detect novel transcripts, such as ncRNAs and short open reading frames (sORFs). Our ability to identify these transcripts now far out-strips our ability to experimentally characterize these sequences. There have been previous efforts at high-throughput characterization of bacterial sRNAs and sORFs in enteric bacteria; however, these have relied on labour-intensive directed knockout libraries (47, 113) . Here, we have demonstrated that TraDIS has sufficient resolution to reliably query genomic regions as short as 60 bases, in agreement with a recent highthroughput transposon mutagenesis study in the alphaproteobacteria Caulobacter crescentus (38) . Our method has the major advantage that library construction does not rely on genome annotation, and newly discovered elements can be surveyed with no further laboratory work.
We have been able to assign putative functions to a number of ncRNAs using TraDIS though consideration of their genomic and experimental context. In addition, ncRNA characterization generally is done in model organisms like E. coli or S. Typhimurium, and it is unclear how stable ncRNA regulatory networks are over evolutionary time. By assaying two serovars of Salmonella with the same method under the same conditions, we have seen hints that there may be differences in sRNA regulatory networks between S. Typhi and S. Typhimurium. In particular, we have found that under the same experimental conditions, S. Typhi appears to rely on the s E stress response pathway, whereas S. Typhimurium does not; it is tempting to speculate that this difference in stress response is mediated by the observed difference in requirement for two sRNAs, RybB and RseX. We believe that this combination of high-throughput transposon mutagenesis with a careful consideration of the systems context of individual genes provides a powerful tool for the generation of functional hypotheses. We anticipate that the construction of TraDIS libraries in additional organisms, as well as the passing of these libraries through relevant experimental conditions, will provide further insights into the function of bacterial ncRNAs in addition to the protein-coding gene complement.
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